Purpose: To select autoantibody signatures for early detection of colorectal cancer (CRC). Experimental Design: A phage cDNA expression library was constructed with fresh tumors from 30 CRC patients and biopanned by using serum pools of 20 CRC patients and 20 healthy controls. A classifier was discovered in the training set of 30 CRC patients at stages I and II and 30 matched healthy controls and then blindly validated in an independent set of 60 CRC patients, 60 healthy controls, 52 polyps patients, and 30 autoimmune diseases patients. Expression of proteins was examined by using immunohistochemistry.
Introduction
Colorectal cancer (CRC) is the third most common cancer in the world. There are about 1 million new cases diagnosed annually and half a million people die of this malignancy worldwide every year (1) . Death from CRC is preventable. Most of the patients can be cured by surgery if CRC is detected at early stage. Early detection and intensive surveillance for the high-risk population are important for improving therapeutic responses of CRC patients. Colonoscopy and sigmoidoscopy are reliable for early detection of CRC and colorectal polyps, but the invasive, unpleasant, and inconvenient nature limits their widespread use. Fecal occult blood tests (FOBT) and fecal immunochemical test have the advantage of screening early CRC (2) . However, feces-based CRC examinations can be difficult to standardize in clinical practice. CRC progresses from normal tissue to carcinoma through an accumulation of genetic alterations, such as mutations and loss of heterozygosity (LOH) that affect oncogenes such as K-ras and tumor suppressor genes including p53, MCC, APC, and DCC (3). The detection of the genetic materials in blood is limited by the technical challenge of DNA recovery and by the limited sensitivity of any single genetic alteration because of the extremely low abundance of mutated DNA in plasma or serum. Serologic markers have advantages in screening or diagnosing early CRC. Colon cancer-specific antigen 2 in sera has overall specificity of 78.4% and sensitivity of 97.3% in separating individuals with advanced adenomas and CRC from normal, hyperplastic, and nonadvanced adenoma populations at a cutoff of 10.8 mg/mL (4). Carcinoembryonic antigen (CEA) is of proven benefit as a prognostic marker but has a limited validity for early CRC. Other biomarkers, such as carbohydrate antigen 19-9 (CA19-9) and tissue inhibitor of metalloproteinase type 1, lack validity for CRC (5) . Hence, there is great need for novel serum markers for early detection of this malignancy.
Autoantibody is a hallmark feature of systemic or organspecific autoimmune diseases (6) . Autoantibodies to known or unknown tumor-associated antigens (TAA) are present in sera of patients with some malignancies (7) (8) (9) (10) (11) (12) (13) (14) . Various technologies such as serologic analysis of recombinant cDNA expression libraries (SEREX), phage display, and protein arrays have been used to identify autoantibody signatures for cancer diagnosis (14) (15) (16) (17) (18) (19) . The presence of autoantibodies may precede onset of symptoms and clinical findings of malignancies by months or years (7, 20) . Profiling of circulating autoantibodies is therefore very attractive in diagnosing cancers at early stage. With the use of SEREX, protein array, and ELISA, autoantibodies to TAAs have been found in sera of the patients with CRC (14, (21) (22) (23) . Although a panel of phage peptides developed by SEREX has high sensitivity and specificity in discriminating colon cancer patients with healthy controls, TAAs have not been fully identified (14) . Serum autoantibodies to some known TAAs have been documented to have relative low validity in discriminating CRC patients from healthy controls (22, 23) . Furthermore, the specificity of circulating autoantibodies for the detection of CRC has not been evaluated by using sera of the patients with precancerous polyps and those with autoimmune diseases.
In this study, we developed a 5-phage peptide classifier that was able to discriminate CRC patients at early stage from healthy controls and also able to indicate the presence of precancerous polyps. We showed, for the first time, that some of the phage peptides had overlapping seroreactivities in the patients with CRC and the patients with autoimmune diseases.
Materials and Methods

Study subjects and samples
Sera of 110 newly diagnosed, pathologically confirmed CRC patients before receiving any treatment, 52 newly diagnosed, pathologically confirmed patients with colorectal noncancerous polyps, 30 patients with autoimmune diseases (10 patients with systemic lupus erythematosus, 10 patients with rheumatoid arthritis, and 10 patients with ankylosing spondylitis), and 110 healthy controls were collected at Departments of Colorectal Surgery, Oncology, Rheumatology, and Physical Examination Center, the First affiliated hospital of this university from August 2008 to October 2010, respectively. All the specimens of tumors and polyps were pathologically identified by a pathologist (Y.Y). CRC patients with other concurrent malignant diseases and autoimmune diseases were excluded. The age-, sex-matched healthy controls whose sera were used for discovery and training set were free of CRC and colorectal polyps as examined by colonoscopy following the same examination protocol, including fasting and colonic preparation as the patients with CRC and the patients with colorectal polyps. The age-, sex-matched healthy controls, whose sera were used for validation, were those who received routine physical examination in the hospital and were proven to be free of fecal occult blood as examined by guaiac-based FOBT, free of family history of CRC and colorectal polyps and have normal serum CEA levels (<2.5 ng/mL for all) but refused to receive a colonoscopy. Serum from 5 mL fasting blood was separated by centrifugation at 4 C and stored in a sterile tube at À80 C within 4 hours of sample collection. Serum CEA levels were measured by the CEA-RIA Mab Kit (Abbott Laboratories, Inc.). Fresh primary CRC tissues from 30 patients who had not received any treatment before surgery were collected at Department of Colorectal Surgery of this hospital from March 2008 to May 2009 and were frozen immediately in liquid nitrogen after surgical resection until used for phage library construction. Clinical characteristics of the participants are presented in Table 1 . The study protocol conformed to the ethical guideline of the 1975 Declaration of Helsinki and was approved by the Institutional Review Board of this university. All participants gave informed consents.
Construction of T7 phage display cDNA expression library
Message RNA from fresh tumors was prepared as previously described (24) . Equal amounts of mRNA from the samples of the 30 CRC patients were pooled, reversely transcribed to cDNA with random primers, and
Translational Relevance
The study provided a 5-phage peptide classifier that had more than 90.0% sensitivity and specificity in discriminating groups between colorectal carcinoma (CRC) patients at early stage (I and II) and healthy controls. The 5-phage peptide classifier had a high accuracy in diagnosing CRC in those with serum carcinoembryonic antigen less than 5 ng/mL. The 5-phage peptide classifier was able to discriminate all of the 9 patients with serrated adenoma who have high tendency to develop CRC from healthy controls. The 5-phage peptide classifier can be used as a novel method for noninvasive diagnosis and screening of early CRC in high-risk populations. However, the 5-phage peptide classifier unlikely served as serum biomarkers for discriminating CRC from some autoimmune diseases because of overlapping seroreactivity. Serum samples of patients with autoimmune diseases may be indispensable in the validation of autoantibody biomarkers of CRC before clinical application.
cloned into T7 select 10-3b vectors arms of phage in T7 Select System (Novagen) according to the manufacturer instructions. After in vitro packaging, a phage display library was titrated and amplified as previously described (15) .
Enrichment and screening of phage peptide clones
To enrich phage clones that bind specifically to circulating antibodies of the patients with CRC, we carried out 5 cycles of biopanning with pooled sera of 20 patients with CRC and 20 healthy donors, as previously described (15) . Selection of independent phage clones, PCR identification, and calculation of normalized reactivity (seroreactivity) were carried out as previously described (24) . We examined the seroreactivity of each selected clone with the samples of another 30 CRC patients at stages I and II and 30 age-, sexmatched healthy controls in training set by using ELISA. The clones with higher discriminatory power than others were validated in an independent set of 120 cases (60 patients with CRC and 60 age-, sex-matched healthy controls). Another set of 82 patients (52 patients with colorectal polyps and 30 patients with autoimmune diseases) was also included in the validation study. The flow chart is shown in Figure 1 .
Identification of exogenous peptides of the phage clones
Insert of each phage clone was sequenced by using the flanking primers of the vector. DNA sequencing, identification of phage identity, and prediction of the polypeptide epitope were carried out as previously described (24) . A known protein identical to an exogenous peptide of the phage clone was selected for immunohistochemistry.
Immunohistochemistry
Rabbit polyclonal antibody to human immunoglobulin G (IgG) and monoclonal mouse anti-human CD20cy antibody (Dako) were used for immunohistochemical analyses of an independent set of the tumor specimens and adjacent pathologically normal specimens from 54 patients with CRC according to a previous protocol (24) . The deparaffinized sections were incubated with 20% goat sera to block nonspecific binding and then incubated with 1:400 diluted primary antibody to human IgG or with 1:100 diluted primary antibody to human CD20. All of the samples were analyzed by 3 observers (W.C, Y.Y, and G.C) who were blinded to the clinical information. Scoring of intensity of the immunostaining was done semiquantitatively (negative, weak-moderate staining, and strong staining). There was a close agreement (>90%) among the investigators. Disagreements were resolved by consensus.
Statistical analysis
Independent samples t test was used to compare the seroreactivities between CRC patients and healthy controls. We then ranked the discriminatory power of each phage peptide clone by using Random Forest analysis with digeR package in training set (25) . A metaclone classifier with the first 5-phage peptide clones was developed by using Bayesian binary regression method in BinReg 2.0 package (http://www.duke.edu/~dinbarry/BINREG/; refs. 26, 27) . A probit function enabled us to generate a probability of Discovery and training set (n ¼ 100) CRC for each sample, referred to as the "classification score." The classifier was then examined by using leave one-out cross-validation (LOOCV) within all the serum samples in training set. An optimal threshold classification score of 0.5 was chosen on the basis of a receiver operating characteristic (ROC) analysis and used as the predefined "cut-point" to dichotomize samples into cancer (classification score >0.50) and noncancer (classification score <0.50). This threshold was then applied in validation set of 60 CRC patients and 60 healthy controls. We also evaluated the validity of serum CEA levels and calculated the area under the curve (AUC) and their 95% CI of the classification scores and CEA levels in the validation set. Wilcoxon rank-sum test was used to evaluate positive degrees of the immunostaining for IgG in cancer cells and mesenchymal cells of CRC tissues and adjacent colorectal tissues. All statistical tests were 2-sided and done with Statistical Program for Social Sciences (SPSS 16.0 for Windows, SPSS). The value P < 0.05 was considered as statistically significant.
Results
Screening of phage peptide clones exhibiting high reactivity with pooled sera of the CRC patients
With the use of mRNA of tumors from the 30 patients with CRC, we constructed a phage display library of CRC containing 4.0 Â 10 6 primary recombinants. After 5 rounds of the biopannings, we randomly picked up 2,000 phage clones for PCR identification. A total of 1,247 of the 2,000 clones contained exogenous DNA inserts. To decrease the complexity of subsequent studies and develop a specific phage peptide predictor, we first screened the 1,247 clones with the serum pools by using ELISA. Twenty-one clones that had high reactivity with pooled sera of the CRC patients (normalized reactivity >2.0) but low reactivity with pooled sera of healthy controls (normalized reactivity <1.5) were selected for subsequent study.
Selection of phage peptide clones for the detection of early CRC in the training set
The 21 clones were subjected to serologic analysis with the training set of 30 CRC patients at stages I and II and 30 age-and sex-matched healthy controls. The discriminatory power of each clone was ranked by using Random Forest analysis. Combination of the first 5-phage clones (no. 95, no. 149, no. 174, no. 396, and no. 1009) had the higher discriminatory power than others by using the Bayesian binary regression model, as shown in Figure 2 . ROC curve analysis indicated that the 5-phage peptide classifier had a satisfactory discriminatory power with an AUC of 0.951 (95% CI ¼ 0.894-1.000; P < 0.001). Leaving-one-out validations revealed the sensitivity and specificity of the 5-phage peptide classifier were 90.0% (95% CI ¼ 0.74-0.98) and 93.3% (95% CI ¼ 0.78-0.99) at a cutoff classification score of 0.50.
Validation of the 5-phage peptide clones in an independent set of CRC patients and healthy controls
The 5-phage peptides were subjected to serologic analysis in an independent set of 120 subjects (60 CRC patients and 60 age-and sex-matched healthy controls) in a completely blinded manner. Each of the 5 clones showed a significant difference between cases and controls (P < 0.001 for each). Multivariate logistic regression analysis with CEA levels and the classification score of the 5-phage peptide classifier indicated that the classifier was a unique significant biomarker (P < 0.001) for the detection of CRC. Addition of CEA did not improve the power of the classifier in discriminating the patients with CRC from the healthy controls, indicating overlapping diagnostic values of the classifier and CEA. There were 99 subjects (59 healthy controls and 40 CRC patients) with serum CEA less than 5 ng/mL. The classifier also performed with better accuracy (AUC, 0.975; 95% CI ¼ 0.952-0.999; P < 0.001) than CEA (AUC, 0.653; 95% CI ¼ 0.535-0.772; P ¼ 0.010) for the detection of CRC.
The presence of the autoantibodies in the patients with colorectal polyps
Sera from 52 patients with colorectal polyps including 9 patients with serrated adenoma were applied to analyze the seroreactivities of the 5-phage peptide clones. The seroreactivities were significantly upregulated in the patients with colorectal polyps than in the healthy controls (P < 0.005 for each). Whereas, the seroreactivities of the 4-phage peptide clones except clone no. 1009 were significantly lower in the patients with colorectal polyps than in the CRC patients (P < 0.005 for each), as shown in Figure 3 . The classification scores of 27 patients with colorectal polyps (51.9%, 27/52) were higher than the cutoff value of 0.50. All of the 9 patients with serrated adenoma had the classification scores of more than 0.50. Thus, the classifier might indicate the presence of some colorectal adenoma.
The presence of the autoantibodies in the patients with autoimmune diseases
The seroreactivities of the 5-phage peptide clones were analyzed in 30 patients with autoimmune diseases and then compared with those in the CRC patients and those in healthy controls. The seroreactivities of clones no. 95, no. 149, no. 174, and no. 396 were significantly lower in the patients with autoimmune diseases than in the CRC patients (P < 0.001 for each). However, the seroreactivity of clone no. 1009 was significantly higher in the patients with autoimmune diseases than in the CRC patients (P < 0.005). The seroreactivities of clones no. 174 and no. 1009 were significantly higher in the patients with autoimmune diseases than in the healthy controls (P < 0.001 for each). The details are shown in Figure 3 . The classification score of each patient with autoimmune disease was evaluated by using the classifier; 43.3% (13/30) of patients with CRC-associated antigens displayed on the 5-phage peptide clones Table 2 presents amino acid sequences and potential antigenic epitopes of the inserts of the 5-phage peptides. Two translated polypeptides (no. 174 and no. 95) showed no homology to any known proteins. A polypeptide (no. 149) showed 60% homology to hcg2038983, an uncharacterized protein. Clone no. 1009 displayed a polypeptide sharing 80% homology to TAS2R39, taste receptor type 2 member 39. One polypeptide with 29 amino acids (no. 396) was identical to human IGHG1, IGHG2, IGH@, and IGHV4-31, the C-terminal constant region of heavy chain of human IgG.
Expression of IgG and B-cell marker CD20 in CRC and adjacent tissues
Expression of IgG and CD20 in the 54 tumors and 14 available adjacent tissues of 54 patients with CRC were examined by using immunohistochemistry. In the tumors, IgG immunostaining was strongly evident in the mesenchymal cells surrounding cancer cells, whereas in the adjacent colorectal tissues, IgG immunostaining was strong in serrated adenoma (Fig. 4A) . Supplementary Table S1 patients and adjacent colorectal tissues of 14 CRC patients. IgG immunostaining was significantly stronger in the mesenchymal cells than in the cancer cells (P < 0.001) in the tumors and was significantly stronger in the epithelial cells in the adjacent colorectal tissues than in the cancer cells in the tumors (P ¼ 0.008). Furthermore, IgG immunostaining in mesenchymal cells was significantly stronger in tumors than in the adjacent colorectal tissues (P ¼ 0.027). To investigate whether the tumor or mesenchymal cells generated IgG via cell fusion with mature B cells, we carried out immunohistochemistry by using anti-human CD20 antibody. It was found that CD20 staining was evident in the infiltrating lymphocytes but absent in epithelial cancer cells (Fig. 4B) .
Discussion
To ensure the reliability of selected recombinant phage peptide clones as promising biomarkers of CRC, we used sera of newly diagnostic CRC patients and age-and sexmatched healthy controls without colorectal polyps in the discovery and training stages. The first 5-phage peptide clones with higher discriminatory power than others were selected for the establishment of the classifier in the training set. The 5-phage peptide classifier had a strong discriminatory power with an AUC of 0.951. At the classification score of 0.50, the sensitivity was 90.0% and the specificity was 93.3% in discriminating early CRC patients and the healthy controls. The 5-phage peptide classifier was then validated in an independent set of 60 patients with CRC and 60 healthy controls in a completely blinded manner and similar sensitivity and specificity were obtained. Importantly, the sensitivity and specificity of the classifier was 92.7% and 91.7% in discriminating the CRC patients at early stage (I and II) from the healthy controls in the validation set, respectively. We also showed that the classifier was able to characterize an individual with a high probability of being a CRC patient. Thus, the 5-phage peptide classifier should be efficient in diagnosing CRC at early stage.
With the use of an independent set of validation samples, we showed that each of the 5-phage peptide clones had a higher power than CEA in discriminating the CRC patients and the healthy controls. In the subjects with CEA level below 5 ng/mL, the classifier had a strong power in discriminating the CRC patients and the healthy controls, with an AUC of 0.975, indicating that the classifier might be able to fill in gaps of CEA in diagnosing early CRC. The classifier also has a higher validity than the reported arrays of some known CRC-associated antigens for the detection of CRC (21) (22) (23) . Furthermore, OR for cases with the classification score more than 0.50 being associated with CRC was 99.0, which was much higher than an OR of 7.6 for G-FOBT and an OR of 18.7 for serum miR-92, the two methods recently reported for the early detection of CRC (28, 29) . Thus, the classifier compares favorably with some noninvasive biomarkers for the detection of CRC.
More than 95% of CRC arises from adenomas (30) . Adenomatous polyps are tumors of benign neoplastic epithelium with variable potential for malignancy. Serrated adenoma and hyperplastic polyps have a greater malignant potential (31) . Transformation from serrated polyps to invasive CRC can be rapid (32) . In this study, the seroreactivities of the 5-phage peptide clones were significantly higher in the patients with colorectal polyps than in the healthy controls, whereas the seroreactivities of 4 of the 5-phage peptide clones were significantly higher in the CRC patients than in those with colorectal polyps. Furthermore, all of the 9 patients with serrated adenoma had the classification score of more than 0.50. These data indicate that the 5-phage peptides are not only applicable for early detection of CRC but also indicative of serrated adenoma, a well -known precancerous change.
It is largely unknown whether the immunoreactivity of circulating autoantibodies in the patients with autoimmune diseases overlap with that in cancer patients. In this study, we found that the seroreactivities of clones no. 1009 and no. 174 were significantly higher in the patients with autoimmune diseases than in the healthy controls; furthermore, the seroreactivity of clone no. 1009 was significantly higher in the patients with autoimmune diseases than in the patients with CRC (Fig. 3) . Clone no. 1009 is also a likely marker for autoimmune diseases. The overlapping seroreactivities of clones no. 1009 and no. 174 greatly reduce the power of the 5-phage peptide classifier in discriminating CRC from autoimmune diseases and also imply that CRC and autoimmune diseases might share some immunopathogic mechanisms. The 5-phage peptide classifier in combination with other markers might be of value in discriminating CRC from autoimmune diseases. Clone no. 1009 displayed an exogenous peptide sharing 80% homology to taste receptor type 2 member 39. This receptor may play a role in the perception of bitterness and in sensing the chemical composition of the gastrointestinal content (33) . The role of this receptor in human disease has not reported. According to this study, this receptor might be associated with CRC and autoimmune diseases. Clone no. (37, 41, 42) . In this study, the seroreactivity of clone no. 396 was higher in the CRC patients and the polyp patients but not higher in the patients with autoimmune diseases than in the healthy controls, indicating that the IgG fragment might generate in neoplastic tissues of colorectal origin. However, our immunohistochemistry showed that IgG immunostaining was strong in the mesenchymal cells in CRC tissues and also strong in serrated adenoma, which is not consistent with previous findings (36) (37) (38) (39) (40) . In human CRC tissues, the expression of matrix metalloproteinases (MMP), especially MMP3 and MMP7, is specifically upregulated, as compared with the normal tissues (43) (44) (45) . MMP-3 and MMP-7 preferentially cleave IgGs in the lower hinge (46, 47) . The truncated IgG heavy-chain constant region released from the tumors might be conformationally altered, thereby eliciting CRC-related humoral immune responses. Because mature B lymphocyte is traditionally believed to be unique source of Igs and B lymphocytes are required for establishing chronic inflammation that promotes de novo carcinogenesis (48), we investigated whether CRC or mesenchymal cells generated IgG via cell fusion with mature B cells in the inflammation carcinogenesis process. We found that CD20 immunostaining was apparent in lymphocytes infiltrated in the inflammatory stroma rather than in epithelial cancer cells, indicating that mature B cells are involved in the inflammation process but not fuse with epithelial cancer cells that produce IgG.
Weakness of this study should be mentioned. First, the use of Random Forest analysis runs the risk of over fitting the multiple data. Second, the healthy controls whose sera used for validation did not receive a colonoscopy, possibly leading to misclassification of the study subjects. Third, more data are needed to confirm whether IgG heavy-chain constant region is a CRC-associated antigen. Fourth, the sample size was small, further studies with large sample size in different populations are necessary to validate the 5-phage peptide classifier.
In conclusion, the 5-phage peptide classifier can be applied to discriminate early CRC patients from healthy controls and to indicate serrated adenoma with high potential to develop CRC. Colorectal tumors might generate truncated IgG via MMPs in situ. The truncated IgG might elicit humoral immune response and generate autoantibodies that indicate CRC. Further prospective studies are needed to confirm whether the polyp patients with high seroreactivities to the classifier have higher incidence of CRC.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
Grant Support
This work was supported by a key project of Shanghai Science and Technology Committee (07DZ19505) and National Outstanding Young Scholar Fund from National Natural Science Foundation of China (81025015 to G. Cao).
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
